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[1] The recent tsunamigenic earthquake in Tohoku (11 March 2011) strongly affirms, one
more time after the Sumatra event (26 December 2004), the necessity to open new
paradigms in oceanic monitoring. Detection of ionospheric anomalies following the
Sumatra tsunami demonstrated that ionosphere is sensitive to the tsunami propagation.
Observations supported by modeling proved that tsunamigenic ionospheric anomalies are
deterministic and reproducible by numerical modeling via the ocean/neutral-atmosphere/
ionosphere coupling mechanism. In essence, tsunami induces internal gravity waves
propagating within the neutral atmosphere and detectable in the ionosphere. Most of the
ionospheric anomalies produced by tsunamis were observed in the far field where the
tsunami signature in the ionosphere is clearly identifiable. In this work, we highlight the
early signature in the ionosphere produced by tsunamigenic earthquakes and observed by
GPS, measuring the total electron content, close to the epicenter. We focus on the first hour
after the seismic rupture. We demonstrate that acoustic-gravity waves generated at the
epicenter by the direct vertical displacement of the source rupture and the gravity wave
coupled with the tsunami can be discriminated with theoretical support. We illustrate the
systematic nature of those perturbations showing several observations: nominally the
ionospheric perturbation following the tsunamigenic earthquakes in Sumatra on 26
December 2004 and 12 September 2007; in Chile on 14 November 2007; in Samoa on 29
September 2009; and the recent catastrophic Tohoku-Oki event on 11 March 2011. Based
on the analytical description, we provide tracks for further modeling efforts and clues for the
interpretation of complex—and thus often misleading—observations. The routine detection
of the early ionospheric anomalies following the rupture highlights the role of ionospheric
sounding in the future ocean monitoring and tsunami detection.
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1. Introduction

[2] After the Great Sumatra Earthquake and the conse-
quent Indian Ocean Tsunami, scientific community puts the
attention to alternative methods in ocean monitoring to
improve the response of the tsunami warning systems.
[3] Improvement of classic techniques, as the seismic source

estimation [e.g., Ammon et al., 2006] and densification of
number of buoys over the oceans [Gonzalez et al., 2005], was
supported by a new effort in remote sensing: nominally the

space altimetry observation of the tsunami in the open sea
[Okal et al., 1999; Smith et al., 2005] and the tsunami detection
by ionospheric monitoring [e.g., Occhipinti et al., 2006].
[4] Today the catastrophic event linked to the Tohoku

earthquake and the consequent tsunami declares, one more
time, the importance to go forward in this direction. This event
validates additionally the detection possibility by optical remote
sensing observation of the tsunami impact to the shorelines
[Marghany and Hashim, 2011]; it also validates once more
the ionospheric observations during the tsunami generation at
the epicenter [Rolland et al., 2011b; Tsugawa et al., 2011] as
well as its propagation in the open ocean where detections
are performed not only by GPS but also, for the first time, by
airglow detection [Makela et al., 2011; Occhipinti et al., 2011].
[5] The indirect tsunami observation by ionospheric

sounding is based on the idea anticipated in the past by
Hines [1972] and Peltier and Hines [1976] that tsunamis
produce internal gravity waves (IGWs) in the overlooking
atmosphere. During the upward propagation, the IGWs are
strongly amplified by the effect of the exponential decrease
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of the air density. The interaction of IGWs with the plasma at
the ionospheric height produces strong variations in
the plasma velocity and plasma density observable by
ionospheric sounding (Figure 1).
[6] The encouraging work of Artru et al. [2005] based on

the total electron content (TEC) observations, performed by
the Japanese dense GPS network GEONET, following the
peruvian tsunamigenic quake on 23 June 2001 (M=8.4 at
20:33 UT) opens the modern debate about the feasibility of
tsunami detection by ionospheric sounding.
[7] In essence,Artru et al. [2005] show ionospheric traveling

waves reaching the Japanese coast 22 h after the tsunami
generation, with an azimuth and arrival time consistent with
tsunami propagation. Moreover, a period between 22 and
33 min, consistent with the tsunami, was identified in the
observed TEC signals. The tsunami generated IGWs were,

however, superimposed by other signals associated to
traveling ionospheric disturbances [Aframovich et al.,
2003; Balthazor and Moffett, 1997]. The ionospheric
noise is large in the gravity domain [Garcia et al., 2005];
consequently, the identification of the tsunami signature in
the TEC was ambiguous, and the debate still open.
[8] The giant tsunami following the Sumatra-Andaman

event (Mw=9.3, 0:58:50 UT, 26 December 2004 [Lay et al.,
2005]), one order of magnitude larger than the Peruvian
tsunami, provided worldwide remote sensing observations in
the ionosphere, giving the opportunity to explore ionospheric
tsunami detection with a vast data set. In addition to seismic
waves detected by global seismic networks [Park et al.,
2005]; co-seismic displacement measured by GPS [Vigny
et al., 2005]; oceanic sea-surface variations measured by
altimetry [Smith et al., 2005]; detection of magnetic anomaly
[Iyemori et al., 2005; Balasis and Mandea, 2007] and
acoustic-gravity waves [Le Pichon et al., 2005]; a series of
ionospheric disturbances, observed with different techniques,
have been reported in the literature [Liu et al., 2006a, 2006b;
Lognonné et al., 2006; DasGupta et al., 2006; Occhipinti
et al., 2006, 2008b].
[9] Two ionospheric anomalies in the plasma velocities

were detected north of the epicenter by a Doppler sounding
network in Taiwan [Liu et al., 2006a]. The first was triggered
by the vertical displacement induced by Rayleigh waves. The
second, arriving 1 h later with a longer period, is interpreted
by Liu et al. [2006a] as the response of ionospheric plasma
to the atmospheric gravity waves generated at the epicenter.
[10] A similarly long period perturbation, with an amplitude

of 4 TECU peak to peak, was observed by GPS stations
located on the coast of India [DasGupta et al., 2006].
(The TEC is expressed in TEC units (TECU); 1 TECU =
1016e�/m2). These perturbations are interpreted by the authors
as the ionospheric signature of IGWs coupled at sea level with
the tsunami or the atmospheric-gravity waves generated at the
epicenter. Comparable TEC observations were done for five
GPS stations (12 station-satellite pairs) scattered in the
Indian Ocean [Liu et al., 2006b]. The 30 s differential ampli-
tudes are equal to or smaller than 0.4 TECU (which generates
amplitudes comparable to theDasGupta et al. [2006] observa-
tions for periods of� 165 min, i.e., 30 points) and the arrival
times coherent with the tsunami propagation. The observed
satellites were located approximately at the station zenith.
[11] Close to these observations, the Topex/Poseidon and

Jason-1 satellites acquired the key observations of the Sumatra
tsunami with altimetry profiles. The measured sea level
displacement is well explained by tsunami propagation models
with realistic bathymetry and provides useful constraints on
source mechanism inversions [e.g., Song et al., 2005]. In addi-
tion, the inferred TEC data, required to remove the ionospheric
effects from the altimetric measurements [Bilitza et al., 1996],
showed strong anomalies in the integrated electron density
[Occhipinti et al., 2006].
[12] In essence altimetric data from Topex/Poseidon and

Jason-1 shows at the same time the tsunami signature on the
sea surface and the supposed tsunami signature in the ionosphere.
[13] By a three-dimensional numerical modeling,

Occhipinti et al. [2006] compute the atmospheric IGWs gener-
ated by the Sumatra tsunami and their interaction with the
ionospheric plasma. The quantitative approach reproduces
the TEC observed by Topex/Poseidon and Jason-1 in the

Figure 1. Schematic view of the coupling mechanism and
the ionospheric sounding by GPS. The vertical displacement
of the ground floor (1) produced by an earthquake is directly
transferred at the sea surface (2) following the incompress-
ible hypothesis. The sea-surface displacement initiates an
internal gravity wave (IGW) propagating into the ocean
(tsunami) as well as into the overlooking atmosphere.
During the upward propagation the atmospheric IGW
interact with the ionospheric plasma (3) creating perturbation
in the plasma density and consequently in the local refraction
index. The electromagnetic waves emitted by GPS satellites
(4) to the ground stations (5) are perturbed by the plasma
density variations and are able to image the signature of the
IGW in the ionosphere.
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Indian Ocean the 26 December 2004. Consequently,
Occhipinti et al. [2006] closed the debate about the nature
and the existence of the tsunami signature in the ionosphere.
The results obtained by Occhipinti et al. [2006] were recently
reproduced byMai and Kiang [2009]. Other theoretical works
appeared recently to explore the possible detection by airglow
monitoring [Hickey et al., 2010] and Over-The-Horizon
radar [Coïsson et al., 2011], as well as to calculate the effect
of dissipation, nominal viscosity, and thermal conduction
[Hickey et al., 2009]. Airglow observation during the
Tohoku tsunami propagation close to Hawaii [Makela et al.,
2011; Occhipinti et al., 2011] validates, for the first time, the
airglow detection possibility.
[14] The method developed by Occhipinti et al. [2006] is

also used to estimate the role of the geomagnetic field in the
tsunami signature at the E-region and F-region [Occhipinti
et al., 2008a]. Nominally the authors show that the amplifica-
tion of the electron density perturbation in the ionospheric
plasma at the F-region is strongly dependent on the geomag-
netic inclination. This effect is explained by the Lorenz force
term in the momentum equation characterizing the neutral
plasma coupling [equation (8) in Occhipinti et al., 2008a].
Consequently, the detection of tsunamigenic perturbation in
the F-region-plasma is more easily observed at equatorial
and mid-latitude than at the high latitude. The heterogenic
amplification driven by the magnetic field is not observable
in the E-region; consequently, detection at low altitude by
HF sounding (i.d., Doppler sounding and over-the-horizon
radar) is not affected by the geographical location.
[15] Recent studies have shown several ionospheric tsunami

detections in far field by GPS-derived TEC [Rolland et al.,
2010]. The observed ionospheric perturbation moves
coherently with the tsunami at the sea level; comparison
with oceanic DART data shows similarity in the waveform

as well as in the spectral signature of the ionospheric and
oceanic data, proving again that ionosphere is a sensitive
medium to the tsunami propagation.
[16] Particular attention has been recently paid to the

Tohoku-Oki event (11 March 2011, Mw: 9.0). Thanks to the
really dense GPS network in Japan (GEONET), the co-seismic
TEC perturbations at the source give a clear image of the
ionospheric perturbation in the near field [Tsugawa et al.,
2011; Saito et al., 2011; Rolland et al., 2011b]: including the
acoustic-gravity wave generated by the vertical displacement
of the source [Astafyeva et al., 2011], acoustic waves coupled
with Rayleigh waves as well as the gravity wave induced by
the tsunami propagation [Liu et al., 2011; Galvan et al.,
2012]. The analysis of the first arrival in the TEC data in
the epicentral also allowed the localization of the epicenter
with a discrepancy of less than 100 km from the official
USGS localization [Tsugawa et al., 2011; Tsai et al., 2011;
Astafyeva et al., 2011].
[17] Additionally, qualitative perturbation was also

observed by four ionosondes [Liu and Sun, 2011] as well as
by the Japanese superDARN Hokkaido radar [Nishitani
et al., 2011] who clearly show the detection of the iono-
spheric signature of the Rayleigh waves as already observed
in the past by the French OTH radar Nostradamus
[Occhipinti et al., 2010].
[18] Notwithstanding the huge amount of data and a clear

image of the perturbation, the discrimination between acoustic-
gravity waves (AGWepi) generated at the epicenter by the
direct vertical displacement of the source rupture and the
IGW coupled with the tsunami (IGWtsuna) is still difficult.
As the specific high speed of Rayleigh wave (3.5 km/s), its
signature is really recognizable in the ionosphere.
[19] This work introduces some theoretical bases to interpret

the data and discriminate between acoustic-gravity waves in
the source area (AGWepi) and gravity waves coupled with
the tsunami (IGWtsuna).
[20] Following the increasing GPS coverage around the

world, we focus here our attention on the detection of
tsunamigenic ionospheric perturbations by GPS. With this
work, we want also to push forward the debate about the role
of ionospheric sounding in the early tsunami detection
exploring the GPS-TEC perturbations close to the epicenter
and appearing within the first hour after the rupture.

2. Observations and Results

[21] GPS stations located close to the epicenter are able to
map co-seismic ionospheric perturbations visualizing the
TEC variations [Heki and Ping, 2005]. Here we focus our
attention on local networks SEAMERGES (number of stations:
30) and CTO/SUGAR (n.s.: 6 to 32, from 2004 to 2006) lo-
cated in Sumatra; as well as the CTO/CENTRAL-ANDES
(n.s.: 10), SAMOANET (n.s.: 13), and GEONET (around
1000 stations) networks, respectively, settled in Chile,
Samoa Island, and Japan. All these networks performed
the detection of co-seismic perturbations induced by the
following tsunamigenic seismic events: the 26 December
2004 (M: 9.1) and 12 September 2007 (M: 8.5) in
Sumatra, the 14 November 2007 in Chile (M: 7.7), the 29
September 2009 in Samoa (M: 8.1), and the recent Tohoku-
Oki (Japan) earthquake on 11 March 2011 (Mw: 9.0).
(Magnitudes from USGS: http://earthquake.usgs.gov/).

Figure 2. Total electron content (TEC) perturbation
appearing 15 min after the earthquake in Sumatra (26
December 2004). The ionospheric piercing points (IPPs)
obtained by satellites PRN01, 03, 13, 19, 20, and 23 coupled
with the SEAMARGES network (red points) are shown here
during 1 h and highlight a clear early perturbation moving
from the epicenter (the red star) to the North of Sumatra.
The signal observed by each satellite is shown on Figure 3
where the time scale is visible.
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[22] In order to put in evidence the signature of gravity
waves induced by the tsunami generation (IGWtsuna), as well
as the signature of acoustic-gravity waves induced by the ver-
tical displacement at the source (AGWepi) and acoustic
waves coupled with Rayleigh waves, all the TEC variations
shown here are filtered between 1 and 8 mHz as suggested
by previous observational [Artru et al., 2005] and theoretical
works [Lognonné et al., 1998; Occhipinti et al., 2008a].
A clear ionospheric perturbation appears in the TEC observa-
tions systematically within the hour after the tsunami genera-
tion, and it presents a coherent propagation from the epicenter
with a horizontal speed in the order of 200–1000 m/s. This
signal is linked to both, the tsunami propagation, as well as to
the vertical displacement at the epicenter involved in the
tsunami generation. We highlight that the effect of the source
in the atmosphere/ionosphere is not affected by the presence
of the water, as the displacement is directly transferred to the
sea surface (incompressible hypothesis).
[23] In the case of the huge Sumatra tsunami in 2004, the

30 GPS stations of the SEAMERGES network, principally
located in the Malay-peninsula and Malaysia, allow to map
a large part of the overlooking ionosphere thanks to the six
satellites visible on the sky (Figures 2 and 3).
[24] Figure 2 shows the ionospheric piercing points

(IPPs), in essence the projection of the SEAMERGES
network along the line of sight to the six satellites on the
ionospheric layer corresponding to the maximum of ioniza-
tion (~300 km). The perturbation, moving with a speed of

around 550 m/s, is visible during almost 1 h by satellites
with an elevation above 10�.
[25] The really strong amplitude of the TEC ionospheric

perturbation generated by the huge Sumatra tsunami in
2004 is not only explained by the tremendous sea-surface
displacement but also by the propitious observation geome-
try (Figure 2). As a consequence of the integrated nature of
TEC along the station-satellite line of sight, satellites at low
elevation are able to better highlight the presence of an
oscillating perturbation. The alternated positive and nega-
tive phases result in a close to zero integral when the
satellite is close to the zenith; at the opposite, the horizontal
integration reveals the presence of the perturbation.
Figure 3 clearly shows this effect: the perturbation in the
TEC measurements is strongly visible on the satellite
PRN-13 close to 10� of elevation, followed by satellites
PRN-23 and PRN-20 at around 45� of elevation. As the os-
cillating perturbation starts to be visible only after 15 min
after the rupture, it fits with the arrival time of the acous-
tic-gravity wave generated by the vertical displacement of
the extended source (AGWepi).
[26] Similar signals (both AGWepi and IGWtsuna) are

systematically observed in the ionosphere overlooking
tsunamigenic epicenters. The beautiful observation follow-
ing the Sumatra earthquake in 2007 (Figure 4-left)
performed by the five GPS stations of the CTO/SUGAR
network shows and follows the perturbation until 1000 km
from the epicenter.

Figure 3. TEC perturbations from Figure 2 shown here as hodochrone (left) and with respect to the ele-
vation angle of the satellite (right). The hodochrone refers to the epicenter and highlights the coherence of
the IGW propagation from the epicenter. The elevation angle of the visible satellites clearly supports the
hypothesis that low elevation improves the sensitivity to the wave structure.
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[27] We can distinguish two different components in
the first wave (AGWepi): the closer one moving at the
speed of the high-atmospheric acoustic waves of around
1000 m/s; the second one, slower and more similar to an
acoustic-gravity wave, moving at around 550 m/s. This
wave is most likely generated by the ground displacement
(and the subsequent sea-surface displacement resulting
in a tsunami) due to the seismic rupture, that appears as
an acoustic-gravity pulse (AGWepi) and disappears
within1000 km. We highlight that a pure gravity wave
generated by the tsunami (IGWtsuna) appears further on the
500 km, and it is detectable at the great distance following
the tsunami during its propagation [Artru et al., 2005;
Occhipinti et al., 2006, 2008b; Rolland et al., 2010;
Occhipinti et al., 2011].
[28] A smaller TEC perturbation is observed after the

Chile earthquake (Figure 4-center). In this case, we do not
see a clear signature of the pure acoustic component but
only the acoustic-gravity wave moving at around 450 m/s.
The acoustic-gravity pulse (AGWepi), linked to the direct
ground displacement [Rolland et al., 2011a], seems to
disappear within 800 km, and it is replaced by a wave mov-
ing slower, at around 300–350 m/s. This last wave is most
likely the tsunamic internal gravity wave (IGWtsuna) propa-
gating in the atmosphere and perturbing the ionospheric
plasma [Occhipinti et al., 2006, 2008a].
[29] The perturbation observed at the epicenter by the

GPS SAMOANET network following the Samoa tsunami
(Figure 4-right) shows a clear signature of the acoustic
pulse but not evidence neither of the acoustic-gravity com-
ponent of the pulse induced by the ground displacement at
the epicenter, nor of the plasma perturbation induced by
the tsunamic IGWs. The absence of the visible signals is
probably due to the high elevation of the satellite or the
scarce coverage.
[30] Anyway, for the Chile and Samoa events, the tsunami-

related IGW in the ionosphere crossing the Pacific ocean are
also detected by the Hawaiian GPS network at the East of
Hawaii [Rolland et al., 2010]. The ionospheric measure-
ments are coherent with the tsunami observation at the sea
level performed by tide gauge located in the Hawaiian harbor
and the DART buoys [Rolland et al., 2010].

[31] The last observation presented here and strongly
supporting the hypothesis of the early tsunamigenic TEC per-
turbation detected by ionospheric sounding was performed
on 11 March 2011 by the Japanese dense GPS network,
GEONET, following the tsunamigenic Tohoku-Oki earth-
quake (Figure 5). The ionospheric perturbations induced by
this tremendous event are so important that they are visible
to all satellites independently of the observation geometry.
[32] The observed perturbation appears within the first

10 min after the earthquake; anyway, we highlight that pre-
vious works claim the detection of the first arrival of acoustic
waves as soon as 7–8 min after the rupture [Tsugawa et al.,
2011; Astafyeva et al., 2011].
[33] We observe here several waves, particularly

superimposed in the epicentral area.
[34] We first notice an acoustic wave, coupledwith aRayleigh

wave (Figure 5, Sat. 15 and 26), appearing after 10 min and
moving horizontally at the Rayleigh wave speed (3.5 km/s). As
a consequence of this really fast horizontal speed, the Rayleigh
wave signature in the ionosphere is easily recognizable.
[35] Within the 20 min after the rupture, another wave

appears (Figure 5). It is an acoustic-gravity wave where we
clearly discriminate two components: a faster (~500–600m/s)
acoustic wave and a slower (~200–300m/s) gravity wave.
[36] This wave seems to disappear within 1000 km from the

epicenter (e.g., Sat 26, 27, 15, and 9); then, a pure gravity wave,
with a speed of 200–300 m/s, continues the propagation.
[37] The spectral analysis of the Japanese TEC observations

clearly shows the acoustic and gravity nature of the detected
waves (Figure 6). In essence, within the first 20 min, we
observe the acoustic-gravity pulse generated by the vertical
displacement at the source (AGWeli); then, we observe a pure
gravity wave coupled with the tsunami propagating at the sea
level (IGWtsuna). We highlight that the first pulse could be
used to estimate the vertical displacement of the ground
producing the tsunami. In the next paragraph, we present a
theoretical support to discriminate those waves.
[38] The observations presented here prove that iono-

spheric sounding, close to the seismic network and sea level
measurements (tide gauges, DARTs, etc..), could play an
important role in the oceanic monitoring and tsunami
warning system.

Figure 4. Hodochrones of the TEC perturbation (passband filtered between 1 and 8 mHz) for the follow-
ing tsunamigenic seismic events: Sumatra 2007 (M: 8.5, left), Chile 2007 (M: 7.7, middle), Samoa 2009
(M: 8.1, right). Dotted lines show the event time; the two gray lines show the speed of 1000 m/s and 550
m/s. We highlight that perturbations observed during Chile 2007 and Samoa 2009 are five times and three
times smaller than the perturbation observed during Sumatra 2007, respectively.
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3. Theoretical Support

[39] Tsunamis are oceanic IGWs [Satake, 2002], their
frequency is generally smaller than Brünt-Vaïsalla frequency,

and, in the limit of linear analysis, they generate IGWs in the
overlying atmosphere [Hines, 1972; Occhipinti et al., 2006,
2008a]. Forcing the bottom boundary of the atmosphere, the
tsunami transfers in the atmosphere its horizontal k-number

Figure 5. Hodochrones of the TEC perturbation observed by the Japanese GEONET network and by
eight satellites (indicated in the top) following the recent Tohoku-Oki tsunamigenic earthquake (2011,
M: 9.0). We observe an acoustic wave coupled with Rayleigh wave starting from the epicenter with a speed
of around 3.3km=s and a superimposed acoustic-gravity wave moving with a speed of around 650m=s. The
acoustic-gravity wave generated at the epicenter disappears after 500–1000 km, and it is replaced by a pure
gravity wave coupled with the tsunami that moves with a speed of around 200 m=s. For easy reading, the
TEC North (up and bottom rows) and South (middle rows) observations are separated.
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kh, its period T, and consequently its horizontal phase speed
vtsuna ¼

ffiffiffiffiffiffiffi
gH

p
; where g is the gravity acceleration and H is

the ocean depth. We note that the k-vector kh, the period T,
and the horizontal phase speed vtsuna are constant during the up-
ward propagation of the tsunamigenic internal gravity wave
(IGWtsuna).
[40] Following Occhipinti et al. [2008a], in the case of

linearized theory for a realistic atmosphere with horizontal
stratification and no-background wind, the vertical k-number
kz takes the form (1) and consequently the dispersion
equation the form (2).

kz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2h

N2

o2
� 1

� �
� N2

2g

� �2
s

(1)

o2 ¼ k2hN
2

k2z þ k2h þ N 2

2g

� �2 (2)

[41] In order to estimate the vertical propagation delay that
the tsunami-driven IGWs spend to reach the ionosphere, we
evaluate the vertical and horizontal group velocity vzg and

vhg (Figure 7):

vhg ¼
@o
@kh

¼ khN2 D� k2h
� �
oD2 vzg ¼

@o
@kz

¼ � kzk
2
hN

2

oD2

where D ¼ k2z þ k2h þ N2

2g

� �2
is the denominator of the disper-

sion equation (2).
[42] We highlight first, that the vertical group velocity vzg

has an inverted sign compared to the vertical phase velocity
(o/kz). This is a typical propagation condition of IGWs
as the atmosphere falls down by the effect of the gravity;
consequently, the vertical phase velocity is negative, and
the vertical group velocity is positive, generating an upward
propagation of the IGW. We also highlight that if the
horizontal phase velocity of the atmospheric gravity wave
is the same as the tsunami ones (o=kh ¼ vtsuna ¼

ffiffiffiffiffiffiffi
gH

p
), this

is not anymore the case for the group velocity, which is

furthermore dispersive, which was not the case for tsunami
where group and phase velocity are the same. The horizontal
group velocity of the generated IGW is always smaller than
the horizontal phase velocity (Figure 7). The horizontal
group velocity does not play a role in the vertical propagation
delay, but it is useful to estimate the epicentral distance
where the IGWs start to interact with the ionosphere as well
as the delay dt between the tsunami propagating at the sea
surface and the IGW propagating in the atmosphere at the
altitude ziono (Figure 8).

dt ¼ 1

vtsuna

ZZiono

0

vtsuna � vhg zð Þ
vzg zð Þ dz

[43] The delay dt is usually mishandled in many observa-
tional papers [e.g., Liu et al., 2006b] as the IGW is
interpreted as a pure vertical wave. Consequently, the
observed delay dt is explained only by the vertical velocity
resulting in a wrong overestimation. Observing a delay dt of
around 8 min, Liu et al. [2006b] estimate a vertical velocity
of 730 m/s incompatible with the theoretical tsunami-
induced IGW vertical velocity (Figure 7).
[44] The delay dt shown in Figure 8 is computed with

the hypothesis that vtsuna is not changing, e.g., during the
tsunami propagation offshore. Consequently, the delay dt
is always positive, and the tsunami at the sea surface arrives
always before the IGW tsuna. This is not the case when
the tsunami reaches the coasts: there, the tsunami at the
sea surface reduces its speed vtsuna, and the IGW tsuna,
conserving the same its horizontal speed, can go beyond
the tsunami wavefront. This phenomenon was clearly
observed and described by G. Occhipinti et al. submitted
(2011) during the Tohoku event, when the tsunami reached
the Hawaiian coasts.
[45] Figure 7 clearly shows the structure of the atmosphere

in the group velocity behavior with particular attention to the
presence of the thermopause (�125 km) where we observe a
strong acceleration and deceleration in the vertical and

Figure 6. TEC perturbations (top) and spectral analysis (bottom) of three station-satellite couples of the
Japanese GEONET network after the Tohoku-Oki tsunamigenic earthquake (2011, Mw 9). Also, here we
observe an acoustic-gravity wave appearing within 20 min after the rupture (left and middle panels) and a
pure gravity wave appearing in a far field (after 500 km, middle and right panels). We remind that the
Brünt-Vaïsalla frequency (limit between acoustic and gravity domain) is in the order of 3 mHz.
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horizontal propagations, respectively. This means that until
the thermopause, the IGW closely follows the tsunami during
its horizontal propagation.
[46] Based on the vertical velocity vzg shown in Figure 7,

the resulting theoretical delay to reach the maximum of ion-
ization in the ionosphere (� 300 km) is on the order of 60
min for a tsunami generated in a deep ocean of 7000 m;
the vertical delay becomes longer for a tsunami in a low-
deep ocean (Figure 8). We highlight that this delay is coher-
ent with the observation of the wave changing (Figures 4
and 5), where we start to observe the IGW coupled with
the tsunami.

[47] The epicentral distance where the IGW starts to
interact with the ionospheric plasma is in the order of
400 km for the E-region and 600 km for the F-region
(Figure 8). This epicentral distance is coherent with the
observations presented here, where we highlight the presence
of the IGW after 500 km (Figures 3, 4, and 5).
[48] We remind that the perturbations (AGWepi) observed

closer to the epicenter (<500 km) are at higher frequency and
move faster compared to the tsunami-related perturbations.
[49] Indeed, the coupling mechanism ground/ocean/

atmosphere/ionosphere close to the epicenter is more complex
as plenty of phenomena appear superimposed in that region:
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Figure 7. Schematic description of the propagation of internal gravity wave (IGW) coupled with the tsunami
(left): as the tsunami speed vtsuna is always bigger than the horizontal group velocity (vhg) of the IGW, there is
always an observational delay dt (see Figure 8) between the IGW at the altitude z and the tsunami at the sea
level. The vertical (vzg) and the horizontal (vhg) group velocity of the internal gravity wave coupled at the sea
surface with tsunamis, generated at different oceanic deep h (m), see gray scale, and a characteristic period
T of 10 min, are shown in the center and right plot, respectively. Tsunamis move at the speed defined by
the relation vtsuna ¼

ffiffiffiffiffi
hg

p
(red line in the right plot), where g is the gravity acceleration. Consequently,

the horizontal k-vector kh that the tsunami transfer to the atmospheric internal gravity wave also depends by
h following the relation kh ¼ 2p

T
ffiffiffiffi
hg

p . Note that tsunamis generated/moving in the deeper oceanic zone
produce faster IGW. The dtsuna and dIGW represent the horizontal distances covered by the tsunami
and the IGW, respectively (see Figure 8).
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[50] 1. First, a reproducible signature in the ionospheric at
~3–5 mHz moving horizontally at ~3.5 km/s is induced by
the generation and propagation of Rayleigh waves, and it is
already observed by TEC-GPS [Ducic et al., 2003; Rolland
et al., 2011a], Doppler sounding [Artru et al., 2004;
Occhipinti et al., 2010] as well as OTH radar [Occhipinti
et al., 2010]. This perturbation, induced by the ground verti-
cal displacement induced by surface waves, allows to image
the radiation pattern of the seismic tensor in the near field
[Rolland et al., 2011a], and it is routinely observed by
Doppler sounders in the far field for earthquakes with a mag-
nitude bigger than 6.5 [Artru et al., 2004].
[51] 2. Second, an acoustic-gravity pulse (generated at the

source by the rapid rupture displacement) is the less under-
stood because of the complexity of the seismic rupture.
Several papers measure it in the ionosphere [Afraimovich
et al., 2001; Astafyeva and Heki, 2009; Astafyeva et al.,
2009; Rolland et al., 2011b; Astafyeva et al., 2011], but no
forward modeling is today able to clearly reproduce it.
[52] 3. Last, during tsunamigenic earthquakes, a compo-

nent of the ionospheric perturbation is induced by the
propagation of IGW forced by the tsunami in the overlooking
atmosphere. The offshore perturbation has already been
observed [Artru et al., 2005; Occhipinti et al., 2006, 2008b;
Rolland et al., 2010; [Makela et al., 2011; Occhipinti et al.,
2011] and reproduced [Occhipinti et al., 2006, Occhipinti
et al., 2011].
[53] The theoretical results shown in this section introduce

some constrains to the gravity waves appearing in the iono-
sphere and forced at the sea level by the tsunami propagation
(iii). In essence, the tsunami signature in the ionosphere can
be visible at least at around 500 km from the epicenter
between 25 and mainly 60 min, corresponding at the time to
reach ionosphere at its base (100 km) and at the maximum of
ionization (300 km), respectively. Once the perturbation is vis-
ible in the ionosphere, the delay between the tsunami at the
sea level and the perturbation in the ionosphere can be

estimated at around 10–15 min for a tsunami with a main
period of around 10 min (Figure 8). We highlight that this
delay is reduced at few minutes for tsunami with a main
period longer than 10 min (Figure 9).

4. Conclusion

[54] Tsunamigenic earthquakes are first detected and
estimated by seismic networks in order to define the magni-
tude and the source geometry and localize the epicenter in
order to state the tsunami risk. After this first step, the
tsunami risk is usually validated by the sea level measure-
ments (tide gauges, DARTs, etc.). This second validation
can take several hours before that the tsunami reach the buoys,
sparsely located around the oceans, and the tsunami signal is
recorded for filtering purposes. In this study, we present a se-
ries of ionospheric observations induced by tsunami-generated
IGWs appearing within the first hour after the rupture and at
around 500 km from the epicenter (IGWtsuna).
[55] We also highlight the presence of ionospheric pertur-

bations linked to acoustic-gravity waves directly generated
by the vertical displacement induced by the rupture
(AGWepi). Notwithstanding this perturbation is not clearly
explained by numerical modeling, the vertical displacement
is also involved in the tsunami genesis and could be used to
estimate the amplitude of the tsunami.
[56] Despite the estimation of the sea-surface displacement

via the ionospheric sounding is not immediate because
the modulation of the TEC amplitude introduced by the
magnetic field [Occhipinti et al., 2008a], and because the
effect of observational geometry (showed in this study),
the tsunami detection by ionospheric monitoring has the
potential to support classic techniques for tsunami monitoring.
[57] Particularly in the far field, where the tsunami at the

sea level and its signature in the ionosphere move together
with an observational delay between few minutes to 15 min

Figure 9. Period dependence of the (left) vertical propagation delay, (middle) epicentral distance, and
(right) horizontal delay between the tsunami at the sea level and the coupled IGW. This figure generalizes
the period dependence of the result shown in Figure 8. The color scale shows the different altitudes reached
by the IGW, nominally 100, 200, and 300 km. The minimum detection time delay of the IGW with GPS-
TEC is 40 min, corresponding to a minimum of 450 km of epicentral distance and 3 min behind the tsunami
at sea level for an IGW reaching the low ionosphere at 100 km and a period of 10 min.
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(depending of the main tsunami period), the tsunami can be
easily detected and tracked by ionospheric monitoring.
[58] With this work, we wish to encourage the use of

ionospheric monitoring as a potential support for future
oceanic monitoring and tsunami warning systems.
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